ABSTRACT: Recent theories posit that adult neurogenesis supports dentate gyrus pattern separation and hence is necessary for some types of discrimination learning. Using an inducible transgenic mouse model, we investigated the contribution of adult-born neurons to spatial and nonspatial touch-screen discriminations of varying levels of difficulty. Arresting neurogenesis caused a modest but statistically significant impairment in a position discrimination task. However, the effect was present only on trials after a learned discrimination was reversed, suggesting that neurogenesis supports cognitive flexibility rather than spatial discrimination per se. The deficit was present 4-10 weeks after the arrest of neurogenesis but not immediately after, consistent with previous evidence that the behavioral effects of arresting neurogenesis arise because of the depletion of adult-born neurons at least 1 month old. The arrest of neurogenesis failed to affect a nonspatial brightness discrimination task that was equal in difficulty to the spatial task. The data suggest that adult neurogenesis is not strictly necessary for spatial or perceptual discrimination learning and instead implicate adult neurogenesis in factors related to reversal learning, such as cognitive flexibility or proactive interference. V C 2014 Wiley Periodicals, Inc.
INTRODUCTION
The dentate gyrus (DG) is hypothesized to decorrelate neural inputs into the hippocampus, a process termed pattern separation (Treves and Rolls, 1992; O'Reilly and McClelland, 1994; Gilbert et al., 2001) . The DG's capacity to pattern separate arises from the sparse activity of granule cells (O'Reilly and McClelland, 1994) , the principal cells of the DG, and perhaps also the ability of granule cells to modulate their firing rate in response to subtle changes in the external environment (Leutgeb et al., 2007) . Computational models posit that DG pattern separation reduces memory interference in CA3, a region whose extensive recurrent connections would otherwise render the circuit unable to differentiate similar inputs (O'Reilly and McClelland, 1994) .
There is growing interest in understanding how DG pattern separation contributes to behavior. Kesner and colleagues (Gilbert et al., 2001; Rolls and Kesner, 2006) hypothesized that DG pattern separation contributes to behavioral discriminations when the stimuli have similar or shared features. Consistent with this idea, lesions of the DG impair delayed-match-to-place when the target and distracter locations are proximal (and presumably offer access to similar visual cues) but not when the two locations are distal (Gilbert et al., 2001 ). More recently, adult neurogenesis in the DG has been implicated in spatial and contextual discriminations of this nature (Clelland et al., 2009; Tronel et al., 2010; Sahay et al., 2011; Nakashiba et al., 2012) . One landmark study (Clelland et al., 2009 ) used touch-screen-equipped operant chambers to evaluate the ability of mice to discriminate between spatial locations. Neurogenesis-arrested mice were impaired when the target and distracter locations were proximal, but performed normally when the stimuli were farther apart. Such data have been viewed as supporting the idea that adult neurogenesis in the DG is necessary for effective pattern separation (but cf., Santoro, 2013) .
The studies implicating adult hippocampal neurogenesis in discrimination learning leave several key questions unanswered. First, what is the domain of discrimination tasks that require adult neurogenesis? Is neurogenesis required for difficult discriminations generally or only for those in the spatial or contextual domain? Second, at which cell-developmental stage do adult-born neurons contribute to discrimination learning? Studies investigating the role of neurogenesis in discrimination learning have typically arrested neurogenesis irreversibly and then assessed behavior weeks to months later (Clelland et al., 2009; Tronel et al., 2010) . As adult-born neurons display unique functional properties as they mature (Schmidt-Hieber et al., 2004; Esp osito et al., 2005; Ge et al., 2007) , ablation effects may arise because immature neurons at a particular developmental stage were depleted (Denny et al., 2012) . Finally, pattern discrimination tasks are often complex, recruiting multiple psychological processes in addition to the ability to make perceptual discriminations. For instance, some tasks (Clelland et al., 2009 ) involve reversals in which the target and distracter locations are swapped after a criterion number of correct responses, thus creating ambiguity about whether neurogenesis is necessary for discriminating between locations or for adapting to changes in the task contingencies. There is some evidence that tasks involving reversals or other changes in task contingencies are especially sensitive to the arrest of neurogenesis Kalm et al., 2013; Garthe et al., 2014) .
Here, we investigate the contribution of adult-born neurons to discrimination learning using touch-screen operant tasks modeled after those of Clelland et al. (2009) . Using an inducible transgenic mouse model, we ask whether adult neurogenesis is required for spatial and nonspatial discriminations of varying levels of difficulty. Our results suggest that adult neurogenesis influences spatial discrimination performance but only after reversals occur. Furthermore, deficits were present 4-10 weeks after the arrest of neurogenesis but not at earlier time points, suggesting that discrimination learning recruits adult-born neurons at an intermediate level of maturity.
METHODS

Subjects
Male glial fibrillary acidic protein (GFAP)-thymidine kinase (TK) transgenic mice (n 5 60) and their wild-type (WT) littermates (n 5 67) were used. Mice were 6-8 weeks old at the start of the experiments. GFAP-TK mice express herpes simplex virus thymidine kinase (TK) under the control of the GFAP promoter and have been described previously (Garcia et al., 2004 ; see also Saxe et al., 2006 Saxe et al., , 2007 Burghardt et al., 2012; Denny et al., 2012) . Mitotic, but not postmitotic TK-expressing cells are ablated when the prodrug gancyclovir (GCV) is administered systemically (Garcia et al., 2004) . The ablation is specific to dividing GFAP1 stem/progenitor cells; quiescent GFAP1 astrocytes are not ablated (Garcia et al., 2004) . The GFAP-TK line was backcrossed to the c57bl/6J background for at least 10 generations. Breedings consisted of a WT c57BL/6J male (Jackson Laboratory, Bar Harbor, ME) with a GFAP-TK female.
Mice were housed with littermates in groups no larger than four with a 12-h light-dark schedule in standard polycarbonate cages with water available ad libitum. During behavioral testing, mice were fed 2-3 g of chow per day, which maintained them at 90% of body weight during the testing week (chow was available ad libitum Friday evenings through Sunday afternoons). Two mice were removed from the study owing to complications after surgery. All procedures were performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals and approved by The University of Texas at Austin Institutional Animal Care and Use Committee.
Administration of GCV via Subcutaneous Osmotic Minipumps
GCV was administered to GFAP-TK and WT mice for 4 weeks via subcutaneous osmotic minipumps (Alzet Model 1004, 0.11 mL/h). The timing of GCV administration with respect to behavioral testing is described below. Mice were anesthetized with isofluorane (2-4%). A small incision was made on the upper dorsum. A hemostat was inserted to open a subcutaneous pocket for the osmotic minipump, which was inserted parasagitally on the back. The incision was closed with sutures. Pumps were filled with 60 mg/mL GCV in 0.9% sterile saline. To prevent necrosis at the drug infusion site, the pumps were gently rotated within the subcutaneous space every other day. The pumps were removed under isoflurane anesthesia 4 weeks after implantation.
Immunohistochemistry
Mice were deeply anesthetized with ketamine/xylazine (150/ 15 mg/kg) and transcardially perfused with cold 0.1 M phosphate-buffered saline (PBS), followed by 25 mL of cold 4% paraformaldehyde in PBS. Brains were postfixed overnight in 4% paraformaldehyde at 4 C, then cryoprotected in 30% sucrose in PBS, and stored at 4 C. Coronal sections (35 mm) were cut through the entire hippocampus on a cryostat and stored in PBS with 0.1% NaN 3 .
For doublecortin (DCX) immunohistochemistry, sections were blocked in 10% normal donkey serum in 0.1 M PBS with 0.25% Triton X-100 for 2 h at room temperature. After overnight incubation with primary antibodies (goat anti-DCX, 1:500, Santa Cruz #SC 8066; mouse anti-NeuN 1:500, Millipore MAB377), sections were washed in PBS and incubated with secondary antibodies (Cy3-conjugated donkey anti-goat and Cy5-conjugated donkey anti-mouse, 1:500, Jackson ImmunoResearch) for 2 h at room temperature. Sections were mounted on slides, dried, rinsed in water, and cover slipped using aqueous mounting medium.
Quantification of DCX1 Cells
DCX1 cells in the granule cell layer and subgranular zone were quantified using StereoInvestigator software (MBF Bioscience). Two sections (one anterior and one posterior) were analyzed per mouse using a 403 objective, counting frame of 75 3 75 mm, sampling grids of 150 3 100 mm, and 1 mm guard zones. At least 200 cells were counted per WT mouse.
Apparatus
Operant chambers (25 cm 3 20 cm 3 14 cm high; Lafayette Instruments) contained a touch screen (25 cm 3 15 cm) on one wall and reward port on the opposite wall. A black plastic mask in front of the touch screen had five openings (4 3 4 cm each, spaced 1 cm apart) through which stimuli were presented. The reward (a drop of evaporated milk) was delivered using a peristaltic pump, whose operation was signaled by a click (50 ms, 85 dB). Head entries into the reward port were recorded using infrared detectors. The only illumination in the chamber was provided by the touch screen, which emitted dim light even when stimuli were not explicitly presented on the screen.
Pretraining
Prior to surgery, all mice were pretrained to touch illuminated boxes on the screen and drink milk from the reward receptacle. Pretraining commenced at 6-8 weeks of age. First, mice were acclimated to the testing chambers and trained to drink from the reward port in daily 30-min sessions. At the outset of the session, the reward port was filled with evaporated milk, and mice were allowed to drink freely. Sessions continued until mice consumed all the available milk on two consecutive days.
Next, mice received magazine training in which the click was paired with milk delivery, with an intertrial interval averaging 160 s. Milk delivery was not contingent on a behavioral response. Mice received 50 trials per day until they consumed all rewards in one session with a mean latency of <5 s.
Mice were then shaped to touch illuminated positions on the screen. On each trial, all five positions on the screen were illuminated. Milk was delivered on a 160-s variable-time schedule, but, at any time, a screen touch caused immediate milk delivery. The session ended after 50 rewards were delivered. Mice received daily sessions until they touched an illuminated position within 20 s on each trial on at least two testing days. In the final phase of training, only a single position was illuminated on each trial, with the location varying randomly among the five positions on the screen. Mice continued on this task until the screen-touch latency was <15 s on each of the 50 trials on one testing day.
Position Discrimination
Two positions on the screen were illuminated in white on each trial. The illuminated positions were separated by either 1 (low separation) or 3 (high separation) empty positions (Figs. 2C and 3C) . At the start of each session, one position was randomly selected as correct. Upon a nose poke to either the correct or the incorrect position, the illuminated positions disappeared. A nose poke to the correct position produced a milk reward, whereas a nose poke to the incorrect position produced a 15-s time out during which no stimuli were presented. A new trial was initiated after the time out (after an incorrect trial) or immediately after the reward was retrieved (following a correct trial). After a mouse made seven correct responses in eight trials, the correct and incorrect positions were reversed. Sessions ended after 81 trials. The mean session duration was 25 min. There was no explicit limit on the number of reversals that could occur in a session. Mice were tested on a single separation for an entire testing week. The order of separations was counterbalanced between subjects. Mice were tested 5 days per week for 6 weeks (3 weeks on each separation).
Brightness Discrimination
Two positions on the screen were illuminated on each trial. One position was illuminated in bright white (brightness 100%), the other at brightness of 25, 50, or 75%. The location and separation of the illuminated positions varied randomly between trials (Figs. 6B,C), except each location and separation was represented equally in each session. Touches to either illuminated position on the screen caused both illuminated positions to disappear. Touches to the 100% bright position were reinforced with milk. Touches to the other position led to a 15-s time out. A new trial was initiated after the time out (following an incorrect trial) or immediately after the reward was retrieved (following a correct trial). Mice received 150 trials per day. The mean session duration was 63 min. The brightness of the incorrect square was held constant within each session and randomized between sessions. Mice were tested 5 days per week for 4 weeks for a total of six sessions at each contrast level. Reversals were not implemented in this task, because pilot studies revealed the following asymmetry: trials in which the brighter stimulus was correct were significantly easier than trials in which the darker stimulus was correct, regardless of the reversal status. As this asymmetry would complicate the interpretation of reversal performance, we elected to maintain the 100% bright stimulus as the correct stimulus on all trials.
Data Analysis
Correct and incorrect screen touches were recorded throughout each session. The main measure of interest was choice accuracy, defined as the number of correct responses as a percentage of total responses. Relative to other commonly used measures such as number of reversals and trials-to-criterion, choice accuracy has the advantages that (1) all responses can be included in the analysis (incomplete reversals need not be excluded) and (2) it is likely to be more sensitive than other measures (e.g., number of reversals) that discretize performance into larger bins. Choice accuracy was calculated separately for the pre-and postreversal phases. The prereversal phase included all trials in each session prior to the first reversal. The postreversal phase included all trials after the first reversal. Effects were analyzed using mixed-effects restricted maximum likelihood (REML) model implemented in JMP (SAS Institute), except where noted. Significant higher-order interactions were probed using REML at each level of the interacting variables. Two-way interactions were probed using protected least significance difference (LSD) tests. Alpha was set to 0.05 in all tests.
RESULTS
Ablation of Adult Hippocampal Neurogenesis
To confirm neurogenesis ablation, GFAP-TK1 (n 5 12) and WT (n 5 14) mice were euthanized either without prior GCV treatment, or 4 or 10 weeks after the start of a 4-week GCV treatment. Consistent with earlier studies (Garcia et al., 2004; Saxe et al., 2006; Burghardt et al., 2012; Denny et al., 2012) GCV treatment greatly reduced the DCX1 population in GFAP-TK but not WT mice (Fig. 1A,B) . The number of DCX1 cells was significantly reduced in GFAP-TK mice compared to WT mice at 4 weeks (t 10 5 10.1, P < 0.001) and 10 weeks (t 6 5 7.2, P < 0.01) after the start of GCV, confirming a lasting arrest of neurogenesis in GFAP-TK mice. The number of DCX1 cells did not differ between GFAP-TK and WT mice in the absence of GCV (t 4 5 0.9, P 5 0.43). Treating GFAP-TK mice with high-dose GCV (100 mg/kg/day) can cause intestinal defects (Bush et al., 1998) , but no such defects are observed at the lower dose (6 mg/kg/day) used here (Garcia et al., 2004; Saxe et al., 2006 Saxe et al., , 2007 Denny et al., 2012) . Indeed, the behavior and appearance of GFAP-TK mice were grossly normal, and the weights of GFAP-TK and WT mice did not differ during or after GCV treatment (weight data are described below; Figs. 2B and 5B).
Role of Neurogenesis in Position Discrimination
In this task, mice were required to discriminate between two illuminated positions on the screen. The correct position changed each time a mouse achieved a sequence of seven correct responses in eight trials. Task difficulty was manipulated by varying the spatial separation between the correct and the incorrect positions.
Experiment 1: delayed testing
In accordance with the earlier studies indicating that the effects of arresting neurogenesis have a delayed onset (Denny et al., 2012) , position discrimination commenced 4 weeks after the start of GCV( Fig. 2A) . Both GFAP-TK and WT mice were treated with GCV. GFAP-TK (n 5 15) and WT (n 5 22) mice were pretrained to touch the touch screens prior to administration of GCV. The proportion of subjects successfully completing pretraining was plotted as function of the cumulative number of pretraining sessions (Fig. 2B) . The effect of Genotype on the distribution was analyzed using the Mantel-Cox log-rank test, which failed to reach significance (v 2 5 0.09, P 5 0.77).
The position discrimination task began 2 days after the removal of the GCV pumps. Mice were tested for 6 weeks, including 3 weeks on each of the two spatial separations. Body weight was monitored throughout behavioral testing (Fig. 2C) . Weight increased over time (F 5, 175 5 44.49, P < 0.001), but there was no effect of Genotype (F 1, 35 < 1) or the Genotype 3 Week interaction (F 5, 175 < 1).
Both GFAP-TK1 and WT mice completed nearly all the testing sessions, each of which terminated after 81 trials with a touch-screen response (Fig. 2D) . There was no effect of genotype on the probability of completing a session during any of the weeks of testing (v 2 s < 1, Ps > 0.05). However, GFAP-TK1 mice exhibited a modest but statistically significant decrease in the number of correct responses (and, thus, rewards earned) per session (Fig. 2E) . The Week 3 Genotype interaction was significant (F 2,56 5 4.4, P 5 0.045). Simple effects analysis at each level of Week revealed that GFAP-TK1 and WT differed in week 2 (F 1,35 5 4.5, P 5 0.041) but not in Weeks 1 or 3 (Ps > 0.1).
The reduction in rewards earned indicates that choice accuracy was impaired in GFAP-TK mice. Our pilot studies indicated that choice accuracy varies significantly between pre-and FIGURE 1.
A: Immunohistochemical labeling of DCX1 cells in GFAP-TK and WT mice treated with GCV for 4 weeks. DCX1 cells are absent in GFAP-TK mice, confirming that neurogenesis was arrested. B: Quantification of DCX1 cells in GFAP-TK (n 5 12) and WT (n 5 14) mice. Mice were euthanized without GCV treatment, or they were euthanized 4 or 10 weeks after the start of a 4-week GCV treatment. GFAP-TK mice had significantly fewer DCX1 cells than WT mice at 4 and 10 weeks, but the genotypes did not differ prior to GCV treatment. Error bars represent SEM. *t-test, P < 0.01. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] postreversal phases, and previous studies suggest that the preand postreversal performance recruit distinct neural mechanisms (Bannerman et al., 2012) . Thus, we investigated whether the choice accuracy impairment in GFAP-TK mice occurred in the pre-or postreversal phases of the session. The prereversal phase included all trials before the first reversal, and the postreversal phase included all trials after the first reversal. GFAP-TK and WT mice performed comparably on prereversal trials at both the small and the large separation (Fig. 3A) . However, GFAP-TK mice were impaired at both separations on postreversal trials (Fig. 3B) . The Genotype 3 Separation 3 Week 3 Phase (pre-vs. postreversal) interaction reached significance (F 2,70 53.01, P 5 0.02). The interaction was probed using a simple effects approach in which the effects of Week and Genotype (and their interaction) were evaluated at each level of the other two variables. On prereversal trials, the effect of Genotype failed to reach significance at either the large separation or the small separation (Genotype: Fs 1,35 < 1.7, Ps > 0.20; Interaction: Fs 2,70 < 1, Ps > 0.50). The effect of Week also failed to reach significance (Fs 2,70 < 2.4, Ps > 0.09). On postreversal trials, however, there were significant effects of both Genotype and Week. At the small separation (postreversal), there were significant effects of Genotype (F 1,35 5 5.6, P 5 0.020) and Week (F 2,70 5 4.61, P 5 0.013), but not of the interaction (F 2,35 < 1, P 5 0.939). At the large separation (postreversal), there was a significant Genotype 3 Week interaction (F 2,35 5 7.3, P 5 0.001). Pairwise comparisons of the large separation data (WT vs. GFAP-TK) reached significance at week 3 (t 105 5 2.13, P 5 0.036) but not weeks 1 and 2 (Ps 5 0.236 and 0.077).
This effect may indicate that the arrest of neurogenesis specifically impairs the ability to reverse a learned discrimination. However, as postreversal trials necessarily occur after prereversal trials, there is also the possibility that the data reflect subtle differences in attention or motivation that become more pronounced over the course of a session. To test for differences in motivation and attention, we evaluated choice latency (latency from stimulus presentation to screen touch; Fig. 4A ) and A: In Experiment 1, position discrimination testing began after a 4-week treatment with GCV. B: Cumulative distribution functions showing the number of sessions required to complete touch-screen pretraining. GFAP-TK (n 5 15) and WT (n 5 22) distributions did not differ. C: Body mass of GFAP-TK and WT mice did not differ during the 6 weeks of discrimination testing. D: Both GFAP-TK and WT mice completed nearly all position discrimination sessions, and the proportion of sessions completed did not differ between genotypes (P 5 0.77, log-rank test). E: Number of rewards earned per 81-trial session. GFAP-TK mice earned slightly but significantly fewer rewards than WT mice. Error bars represent 61 SEM. *P < 0.05 (statistical tests described in the Results section). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary. com.] reward latency (time between the reward presentation and the first head entry into the reward port; Fig. 4B ). Latencies did not differ between the two separations, and hence the data are collapsed across this variable. For choice latency, the Genotype 3 Phase interaction reached significance (F 1,35 5 4.9, P 5 0.033), but simple effects analysis failed to detect an effect of Genotype at either level of Phase (Fs 1,35 < 1.4, Ps > 0.2). For reward latency, the Genotype 3 Phase interaction again reached significance (F 1,34 5 4.2, P 5 0.048). Simple effects analysis revealed a significant effect of Genotype for the prereversal phase (F 1,35 5 7.2, P 5 0.011) but not the postreversal phase (F 1,35 5 2.2, P 5 0.143). In summary, reward (but not choice) latencies were shorter in GFAP-TK mice, and this effect was more pronounced on prereversal trials. The latency data suggest that the reduced choice accuracy in GFAP-TK mice does not reflect impairment in motivation or in attention to the task.
Experiment 2: immediate testing
To test for possible effects of genotype independent of the suppression of neurogenesis, we tested a second cohort of GFAP-TK (n 5 9) and WT (n 5 11) mice on the position discrimination task but commenced testing 2 days after starting GCV administration (Fig. 5A ). As in Experiment 1, both GFAP-TK and WT were treated with GCV. Previous findings indicate that the arrest of neuronal proliferation does not cause an immediate disruption of behavior (Denny et al., 2012) . If the performance impairment observed in Experiment 1 related specifically to the ablation of relatively mature adult born neurons, then no impairment would be observed in mice tested immediately after ablation.
As in Experiment 1, there was no effect of genotype on pretraining performance [ Fig. 5B ; (v 2 5 0.06, P 5 0.81)] or body weight ( Fig. 5C ; Genotype effect: F 1,22 < 1). Both GFAP-TK1 and WT mice completed nearly all testing sessions (Fig. 5D) . There was no effect of genotype on the probability of completing a session during any of the weeks of testing (v 2 s < 1.6, Ps > 0.2). However, in contrast to Experiment 1, Genotype had only a transient effect on choice accuracy on prereversal trials (Fig. 5E ) and no effect on postreversal trials (Fig. 5F ). REML analysis revealed significant effects of Separation (F 1,19 5 104.5, P < 0.001) and of the Genotype 3 Week 3 Phase interaction (F 2,38 5 7.3, P 5 0.002). The interaction was probed with pairwise (GFAP-TK vs. WT) comparisons at each level of Week 3 FIGURE 3.
Pre-and postreversal choice accuracy in Experiment 1. The prereversal phase includes all trials prior to the first reversal; postreversal includes all trials after. A: GFAP-TK and WT mice performed comparably on prereversal trials at both the large and the small separations. B: However, on postreversal trials, GFAP-TK mice were impaired relative to WT mice at both separations. The impairment reached significance only in week 3 at the large separation but it was significant in all weeks at the small separation. Error bars represent 61 SEM. *P < 0.05. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] Response latency measures for Experiment 1. A: GFAP-TK and WT mice exhibited similar choice latencies, defined as the latency between the appearance of the target stimuli and the touch screen response. B: Latency to collect the rewards was significantly shorter in GFAP-TK mice on prereversal trials. GFAP-TK and WT mice did not differ on postreversal trials. Error bars represent 61 SEM. *Main effect of Genotype, P < 0.05. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
Phase. GFAP-TK choice accuracy was impaired relative to WT on prereversal trials in week 1 (F 1,19 5 11.0, P 5 0.004) but not at any other comparison point (Fs < 1.6, Ps > 0.20). The latency to retrieve rewards did not differ between GFAP-TK and WT mice on prereversal (Fig. 5G) or postreversal trials (Fig. 5H) . The latency data were subjected to Genotype 3 Week 3 Phase REML. The effect of Genotype was not significant (F 1,19 < 1), nor were any of the interaction effects (Fs < 1). In summary, GFAP-TK and WT performed largely comparably when position discrimination testing began at the start of GCV treatment.
Experiment 3: role of neurogenesis in a nonspatial discrimination
Next, we examined the effects of arresting neurogenesis in a nonspatial brightness discrimination task. The task had two purposes. First, we sought to test whether the arrest of neurogenesis would impair performance on a nonspatial discrimination that was equal in difficulty to the position discrimination task described above. Second, we sought to rule out an alternative, motoric explanation for the effects of spatial separation on choice accuracy: that decreasing the separation between target and distracter increases the likelihood of accidental touches to the distracter location. If the motoric explanation is correct, then spatial separation should affect performance even in the nonspatial task.
GFAP-TK (n 5 24) and WT (n 5 20) mice were tested on the brightness discrimination task for six sessions at each of the three levels of contrast between target and distractor. As in Experiment 1, testing commenced 2 days after a 4-week GCV treatment (Fig. 6A) . Spatial separation between target and distractor was varied randomly between trials. As expected, contrast strongly affected choice accuracy, but spatial separation had little effect (Fig. 6B) . At all levels of choice accuracy, the GFAP-TK and WT mice performed comparably. The data A: In Experiment 2, GFAP-TK (n 5 9) and WT (n 5 11) mice began position discrimination testing 2 days after the start of GCV administration. B: Cumulative distribution functions, showing the number of sessions required to complete touchscreen pretraining. GFAP-TK and WT distributions did not differ. C: There was no effect of genotype on body mass during the 6 weeks of behavioral testing. D: GFAP-TK and WT mice completed nearly all discrimination testing sessions and did not differ on the proportion of sessions completed (P > 0.2, log-rank test). In contrast to Experiment 1, GFAP-TK and WT choice accuracy was largely comparable on both prereversal (E) and postreversal (F) trials. The only significant effect of genotype on choice accuracy occurred in the prereversal phase of week 1. The latency to retrieve rewards did not differ between GFAP-TK and WT mice in either the prereversal (G) or the postreversal phase (H). (Error bars represent 61 SEM.*Post hoc LSD test P <0.05. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] were subjected to REML with Sessions (two-session blocks), Genotype, Separation, and Contrast Level as factors. There was no effect of Genotype (F 1,42 5 1.5, P 5 0.225) nor did Genotype interact with any other variable (Fs < 1.7, Ps > 0.1). However, as in Experiment 1, GFAP-TK mice were faster to retrieve rewards than WT mice (Fig. 6D) . The reward latency data were subjected to REML with Sessions, Genotype, and Contrast as factors. The analysis confirmed a significant effect of Genotype (F 1,42 5 5.1, P 5 0.028). The interaction effects were not significant (Fs < 1.1, Ps > 0.3)
DISCUSSION
We examined the effects of arresting adult neurogenesis in two touch-screen discrimination tasks. There were two main results. First, the arrest of neurogenesis impaired choice accuracy in a position discrimination task, but the impairment appeared to relate not to the difficulty of the position discrimination per se but rather to the presence of reversals. Neurogenesis-arrested and control mice performed comparably on trials prior to the first reversal, but neurogenesis-arrested mice were impaired on trials after the first reversal. Second, the deficit was present when testing began about 4 weeks after the arrest of neurogenesis but not when testing began immediately after the arrest of neurogenesis. The arrest of neuronal proliferation by itself was not sufficient to impair behavior. Impairments in the position discrimination task arose either because adult-born neurons at an intermediate level of maturity were gradually depleted (Denny et al., 2012) or because there was a cumulative effect of arresting proliferation over an extended period of time (Imayoshi et al., 2008) .
The arrest of neurogenesis had no effect in a nonspatial brightness discrimination task. The brightness and position tasks were equally difficult, in that they produced similar levels of choice accuracy. Thus, the observation that arresting neurogenesis affected only the position discrimination task indicates that neurogenesis is not strictly required for difficult discriminations. Furthermore, the spatial separation between the target and the distracter stimuli had little effect on performance in the brightness discrimination task, which confirms that the effect of spatial separation in the position discrimination task reflected spatial difficulty, not an increased incidence of accidental incorrect responses.
We found that neurogenesis-arrested GFAP-TK mice were not impaired on the first discrimination of the session. However, after the first reversal, the performance of GFAP-TK mice declined below that of WT mice. This finding is consistent with recent literature implicating the hippocampus, and adultborn neurons specifically, in spatial reversal learning. Hippocampal knockout of NMDAR1, a requisite NMDA receptor subunit, affects spatial reversals much more than initial acquisition (Bannerman et al., 2012) . Computational models suggest that neurogenesis could contribute to reversal learning by reducing proactive interference via two mechanisms. The integration of newborn neurons may weaken existing memories (Meltzer et al., 2005; Kitamura et al., 2009; Weisz and Argibay, 2012; Frankland et al., 2013) . In addition, newborn neurons may allow memories encoded at different times to have more distinct neural codes (Aimone et al., 2009) . Consistent with these ideas, Burghardt and colleagues (2012) showed that the arrest of adult hippocampal neurogenesis impaired reversal learning but not initial acquisition of a highly hippocampusdependent spatial avoidance task. Conversely, increasing neurogenesis via wheel running impairs retention of previously acquired memories (Akers et al., 2014) . In this study, the arrest of neurogenesis may have impaired performance because it A: The brightness discrimination task began after the completion of a 4-week GCV treatment. B: Task difficulty was manipulated by varying the contrast between the target and the distracter stimuli. GFAP-TK (n 5 24) and WT (n 5 20) mice performed comparably at all difficulty levels and all spatial separations. Spatial separation had little effect on choice accuracy, suggesting that decreases in spatial separation do not increase the incidence of accidental incorrect screen touches. C: As in Experiment 1, GFAP-TK mice were faster to retrieve rewards than WT mice (main effect of Genotype, P 5 0.028) Error bars represent 61 SEM. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] strengthened the retention or retrieval of memories from earlier discrimination trials (cf. Saxe et al., 2007) .
In addition to impairing discrimination performance, the arrest of neurogenesis was associated with a reduced latency to retrieve rewards. The effects were present in both GFAP-TK groups tested 4 weeks after the start of GCV (Experiments 1 and 3), but they were not present in the group tested immediately after the start of GCV (Experiment 2). The pattern of the results leads us to conclude that the decrease in latency is a reliable, delayed-onset effect of arresting neurogenesis. Reduced reward latency is suggestive of an increase in appetitive motivation. We can offer two speculative explanations for this effect. First, Noonan et al. (2010) reported that the arrest of hippocampal neurogenesis via X-irradiation increased operant responding for intravenous cocaine, suggesting that the arrest of neurogenesis may increase the hedonic impact or incentive value of rewards. However, in Noonan et al.'s study, the arrest of neurogenesis failed to affect operant responding for sucrose pellets, leading the authors to conclude that neurogenesis modulates motivation for drugs of abuse but not for natural rewards. A second possibility is that the apparent motivational phenotype of GFAP-TK mice relates to the suppression of neurogenesis in the hypothalamus. Neurogenesis occurs in the adult rodent hypothalamus, and selective ablation of hypothalamic neural progenitors alters appetite and/or metabolism (Kokoeva, 2005; Haan et al., 2013) . Although the neural progenitors implicated in the regulation of appetite/metabolism do not express GFAP (Haan et al., 2013) , proliferative GFAP1 cells do reside in hypothalamus and appear to be neurogenic (Robins et al., 2013) . We were not able to assess hypothalamic neurogenesis in this study, because the systemic BrdU injections used here produce very little BrdU labeling in the hypothalamus (Kokoeva et al., 2007) . However, another study using a similar GFAP-TK mouse line reported no change in hypothalamic cell proliferation in GFAP-TK mice treated with GCV (Snyder et al., 2011) . Regardless of the mechanism, the apparent increase in the motivation in GFAP-TK mice allows us to rule out decreased motivation as an explanation for their performance deficits in the position discrimination task.
Our data appear to conflict with several other recent studies showing that the arrest of neurogenesis impairs spatial and contextual discrimination learning even when reversals are not explicitly required. For instance, irradiation-induced arrest of neurogenesis impairs acquisition of contextual fear discrimination (Sahay et al., 2011; Nakashiba et al., 2012) . Perhaps, these context discrimination tasks are sensitive to the arrest of neurogenesis because they contain an embedded reversal-like process. A classic feature of discrimination learning is that, at the start of training, the subject generalizes between the CS1 and the CS2, in effect treating both as a CS1; then, with continued training responding to the CS2 diminishes (Pavlov, 1927) . Adult hippocampal neurogenesis may be necessary specifically for the attenuation ("reversal") of CS2 responding that occurs with extended training. Consistent with this idea, the arrest of neurogenesis impairs acquisition of trained context discriminations but typically does not affect spontaneous generalization between contexts (Drew et al., 2010; Tronel et al., 2010; Sahay et al., 2011; Cushman et al., 2012; Nakashiba et al., 2012) .
Our results should be interpreted with several caveats in mind. First, the magnitude of the impairment in GFAP-TK mice was small, and, although statistically significant, the functional significance may be questioned. Indeed, our results suggest that neurogenesis is not strictly required for spatial discrimination or reversals, and the effects of arresting neurogenesis on performance most likely relate to subtle differences in the content of memory rather than the complete absence of a mnemonic capability such as pattern separation. Second, the GFAP-TKmediated arrest of neurogenesis is not specific to the hippocampus. Although subventricular zone neurogenesis is also affected in GFAP-TK mice, the behavioral impairments reported here most likely relate to the arrest of hippocampal neurogenesis, as previous studies indicate that hippocampal manipulations are sufficient to affect the performance in this task (Clelland et al., 2009; McTighe et al., 2009 ). Finally, although we predicted that GFAP-TK mice would perform comparably to WT mice when tested immediately after the start of GCV, GFAP-TK mice were, in fact, impaired at one comparison point during the first week after the start of GCV (on prereversal "large" trials; Fig. 5E ). This impairment is puzzling, given that the same mice performed at WT levels on the more difficult postreversal and small separation trials. The impairment may indicate that the GFAP-TK transgene has mild off-target effects (Groves et al., 2013) .
Our results differ from, but do not contradict, the results of Clelland et al. (2009) , who employed a task similar, if not identical, to that used here. First, Clelland et al. found that the effects of arresting neurogenesis are limited to the "small" touchscreen separation, whereas in our study GFAP-TK mice were impaired on both the small and the large separations. In our study, the impairment in the large separation was time dependent: GFAP-TK and WT mice performed comparably in week 1, but GFAP-TK mice were impaired in week 3. In Clelland et al.'s study, the effect of testing week was not assessed, which could have prevented the detection of time-dependent effects. A second difference is that in our study, the impairments in GFAP-TK mice were specific to reversal trials, whereas Clelland et al. did not explicitly compare reversal and nonreversal trials. Finally, although Clelland et al.'s study used trials-to-criterion as the measure of performance, we used percent correct, for reasons described above (Methods). In pilot studies, we found that percent correct was sometimes more sensitive to small group differences in performance than was trials-to-criterion. Consistent with this observation, when we analyzed trials-to-criterion for Experiment 1, there was a trend toward poorer performance in the GFAP-TK mice at both separations, but the effect of Genotype failed to reach significance (P 5 0.08).
CONCLUSIONS
In conclusion, our results indicate that adult neurogenesis is not strictly necessary for spatial or nonspatial discrimination learning. Mice without neurogenesis were able to perform very difficult spatial and perceptual discriminations as well as control mice. The effects of arresting neurogenesis arose only when the mice were required to discriminate between a new spatial contingency and a remembered one. Thus, if adult neurogenesis contributes to "pattern separation" in the DG, its role most likely relates to the separation of competing memories rather than to the discrimination of similar perceptual stimuli.
